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Cell division is the result of two major cytoskeletal events: partition of the chromatids by the mitotic spindle
and cleavage of the cell by the cytokinetic apparatus. Spatial coordination of these events ensures that each
daughter cell inherits a nucleus. Here we show that, in budding yeast, capture and shrinkage of astral
microtubules at the bud neck is required to position the spindle relative to the cleavage apparatus. Capture
required the septins and the microtubule-associated protein Kar9. Like Kar9-defective cells, cells lacking the
septin ring failed to position their spindle correctly and showed an increased frequency of nuclear
missegregation. Microtubule attachment at the bud neck was followed by shrinkage and a pulling action on
the spindle. Enhancement of microtubule shrinkage at the bud neck required the Par-1-related,
septin-dependent kinases (SDK) Hsl1 and Gin4. Neither the formin Bnr1 nor the actomyosin contractile ring
was required for either microtubule capture or microtubule shrinkage. Together, our results indicate that
septins and septin-dependent kinases may coordinate microtubule and actin functions in cell division.
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In animal cells, the cleavage apparatus, composed of sept-
ins and an actomyosin contractile ring, assembles at the
cell cortex during anaphase (Field and Kellogg 1999; Field
et al. 1999; Hales et al. 1999). The plane of this ring defines
the plane of cleavage. Proper positioning of the cleavage
plane between the two spindle poles ensures the segrega-
tion of the replicated chromosomes between the daughter
cells. Previous studies showed that spatial coordination of
spindle and cleavage apparatus relative to each other de-
pends on astral microtubules and the central spindle (for
reviews, see Strome 1993; Gatti et al. 2000).

In budding yeast, the nuclear envelope does not break
down during mitosis. The microtubule organizing cen-
ters, or spindle pole bodies, are embedded in the nuclear
envelope, and the spindle forms inside the nucleus. Spa-
tial coordination of the spindle and the cleavage appara-
tus is achieved through migration of the nucleus to the
bud neck (Shaw et al. 1998; Segal and Bloom 2001). As in
animal cells, this coordination event is mediated by as-
tral microtubules (Sullivan and Huffaker 1992; Segal and
Bloom 2001). These microtubules, also called cytoplas-
mic microtubules, are nucleated on the cytoplasmic side
of the spindle pole bodies and interact with the cellular
cortex with their plus ends. Mutations in tubulin have

been isolated that specifically disrupt cytoplasmic but
not intranuclear microtubules. These mutations prevent
proper positioning of the nucleus (Huffaker et al. 1988;
Sullivan and Huffaker 1992) and lead to the formation of
binucleated mother cells and anucleated daughters.
Much progress has been made in understanding how as-
tral microtubules interact with the cell cortex to move
and orient the intranuclear spindle. Two independent
pathways mediate these interactions. Early in the cell
cycle, the protein Kar9 facilitates microtubule capture at
the bud cortex (Adames and Cooper 2000; Yeh et al.
2000). During anaphase, dynein mediates lateral interac-
tions between microtubules and the cellular cortex and
helps to pull the daughter nucleus into the bud (Muhua
et al. 1994; Cottingham and Hoyt 1997; Adames and
Cooper 2000). However, as in animal cells, little is
known about how microtubules ensure that the spindle
and the cleavage apparatus are properly positioned rela-
tive to each other.

The cleavage apparatus has been particularly well
characterized in Saccharomyces cerevisiae. Its assembly
starts in late G1, simultaneous with bud emergence.
First, the septins Cdc3, Cdc10, Cdc11, and Cdc12 form a
ring at the bud neck (Longtine et al. 1996). During bud
formation, this ring serves as a template for the organi-
zation of type II myosin, Myo1, into a second ring (Epp
and Chant 1997; Bi et al. 1998; Lippincott and Li 1998).
This myosin structure is required for the recruitment of
actin filaments during mitosis to form the actomyosin
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contractile ring (Bi et al. 1998). Contraction of this ring
allows cytokinesis (Bi et al. 1998; Lippincott and Li
1998). Additional proteins associated with the septin
ring include the formin Bnr1 (Kikyo et al. 1999), Bni4, a
protein involved in the spatial control of chitin synthesis
(DeMarini et al. 1997), and the kinases Hsl1 and Gin4
(Ma et al. 1996; Carroll et al. 1998; Longtine et al. 1998a;
Barral et al. 1999). Formins are involved in the nucle-
ation and polymerization of actin filaments (Evangelista
et al. 2002; Sagot et al. 2002). Both kinases Hsl1 and Gin4
interact physically with septins, and strictly depend on
septin function for localization and activity (Carroll et
al. 1998; Longtine et al. 1998a; Barral et al. 1999). For
these reasons, we refer to them as septin-dependent-ki-
nases (SDKs). Hsl1, and possibly Gin4, are involved in
the control of the G2/M transition (Ma et al. 1996; Barral
et al. 1999). Remarkably, the closest homologs of SDKs
comprise both Nim1 from Schizosaccharomyces pombe
(Kanoh and Russell 1998) and the MARK (microtubule
affinity regulatory kinase) kinases from higher eukary-
otes (Drewes et al. 1998; Barral et al. 1999). MARK ki-
nases control microtubule dynamics in mammals
(Drewes et al. 1997, 1998; Ebneth et al. 1999). Cae-
norhabditis elegans MARK kinase Par-1 (Guo and Kem-
phues 1995) is involved in spindle positioning. On the
basis of this homology, Hsl1 and Gin4 may also have
some function in microtubule-related processes.

In this study, we investigated how the yeast mitotic
spindle and cleavage plane are positioned relative to each
other. We analyzed whether cells lacking the septin ring
or some of its associated components show defects in
microtubule organization, nuclear position, and nuclear
migration. Our results indicate that the septins, but not
the actomyosin ring, are required to form a microtubule
capture site at the bud neck-cortex. Upon capture, sep-
tin-dependent kinases were required to induce microtu-
bule catastrophe and the creation of a pulling force on
the spindle, which then moved toward the bud neck.

Results

The septin cytoskeleton is required for proper
nuclear positioning

In S. cerevisiae, the septin ring is necessary for the as-
sembly of all components of the cleavage apparatus iden-
tified thus far. Therefore, to determine whether the pres-
ence of the cleavage apparatus was necessary for the po-
sitioning of the nucleus to the bud neck, we determined
whether cells lacking the septin ring positioned their
nucleus properly. Two alleles of the CDC12 septin gene
were used to disrupt the septin ring. Cells carrying the
cdc12-1 temperature-sensitive mutation fail to assemble
a ring at the bud neck at restrictive temperatures (Barral
et al. 2000). However, cells that have already formed the
ring before the shift maintain the ring, finish their cycle,
and undergo cytokinesis comparably to wild type (data
not shown). In the cdc12-6 allele, the septin ring be-
comes unstable after shift to the restrictive condition,
irrespective of the position of the cell in the division
cycle (Barral et al. 2000).

After shift to restrictive temperature (33°C), a majority
of septin-defective cells arrested prior to anaphase failed
to localize the nucleus to the bud neck (Fig. 1A,B;
59% ± 9% of cdc12-1 cells mislocalized their nucleus,
n > 1200; 57% ± 3% in cdc12-6, n > 900). This nuclear-
positioning defect was quite similar to that observed in
cells lacking either Kar9 or dynein (dhc1; Fig. 1B), two
proteins that have been implicated in nuclear position-
ing. The nuclear-positioning defect observed in cells
lacking a septin ring suggests that the septin ring may be
required either for nuclear migration, or to anchor al-

Figure 1. The septin cytoskeleton is involved in the control of
nuclear positioning. (A) Micrographs of wild-type (WT) and
cdc12-1 mutant cells arrested at the G2/M transition with hy-
droxyurea for 3 h and stained with DAPI to visualize nuclei. Bar,
2 µm. (B) Quantification of nuclear-positioning defects in
strains mutated for components of the cleavage apparatus. kar9
and dhc1 mutants are added for comparison. Cells were arrested
prior to anaphase, and the frequency of mislocalized nuclei (�1
µm away from the bud neck) was determined (n � 500 for each
strain, in at least two independent counts of 200–300 cells each).
(C) Nuclear migration in small- and medium-budded cells of
unsynchronized wild-type and cdc12-1 mutant strains. The per-
centage of cells with a nucleus in the vicinity of the bud neck
(within 1 µm from the bud neck) is shown. The cells were
shifted for 2 h to the restrictive temperature.
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ready migrated nuclei to the neck region. In the first
case, septins may be required as a cortical cue to direct
nuclear migration. Septin defects would therefore lead to
either random nuclear movements or would impair mi-
gration altogether. In contrast, if the septin ring serves to
anchor already migrated nuclei, migration should not be
affected. The positioning defects should be caused by
random movements after the nucleus reached its proper
position. To distinguish between these two possibilities,
we characterized the effect of septin disruption on early
stages of nuclear migration (Fig. 1C). Because nuclear
migration happens in parallel to bud growth, most nuclei
are generally randomly positioned in small-budded cells,
and only a fraction of them has migrated to the bud neck
in medium-budded cells. Compared with wild type,
small- and medium-budded cells lacking the septin ring
showed an even stronger mispositioning of the nucleus
(Fig. 1C). Thus, septin function was required for proper
nuclear migration.

Nuclear migration defects generally result in a failure
of nuclear segregation during mitosis (Huffaker et al.
1988). This leads to the formation of binucleate mothers
and anucleate buds. A similar effect is expected if the
spindle and the cleavage plane are not correctly posi-
tioned relative to each other. Thus, we investigated
whether septin mutants have nuclear segregation prob-
lems. The cdc12-1 mutant and an isogenic wild-type
strain were grown at the restrictive temperature for 3 h,
fixed, and stained with DAPI to visualize nuclei; the fre-
quency of binucleate mother cells was then determined.
Septin-defective cells showed an increased frequency of
binucleated mother cells (18% ± 10%, n = 253 in cdc12-1
cells at 33°C) relative to wild type (2.8% ± 2.7%,
n = 355). Altogether these results indicated that septin
function is required for proper positioning of the spindle
relative to the cleavage plane.

Nuclear-migration defect of septin mutants is not
caused by actin-polarity defects

We recently showed that the septin ring forms a cortical
barrier that is required specifically during isotropic bud
growth to maintain polarized actin distribution (Barral et
al. 2000). During apical growth, the early phase of bud
growth, actin polarity does not depend on the presence of
the septin barrier (Longtine et al. 1996; Barral et al. 2000).
Nevertheless, because actin polarity is required for mi-
crotubule orientation and nuclear migration, the
nuclear-migration defect observed in septin-defective
cells could be caused by actin-polarity defects. There-
fore, we examined whether it correlated with actin de-
fects. As shown by the formation of elongated buds (Fig.
1A), cdc12-1 cells did not lose polarity at restrictive tem-
perature and kept growing apically. Rhodamine-phalloi-
din staining (Fig. 2A) was performed to visualize actin in
these cells. No defects in actin polarization and organi-
zation were found. Both actin patches and cables polar-
ized normally upon bud emergence, similar to the situ-
ation in wild type. Thus, the nuclear positioning defect
did not correlate with any lack of actin-polarity.

The role of actin in nuclear positioning is mediated by
Kar9. Kar9 protein interacts with both the type V myo-
sin, Myo2, and the microtubule-associated protein Bim1,
and thereby mediates interaction between microtubules
and cortical actin (Miller et al. 1999; Beach et al. 2000;
Yin et al. 2000). Because the main function of actin in
nuclear positioning consists in the transport of Kar9 to
the bud, we investigated if this process was affected in
septin-defective cells. No defect in the localization of
Kar9 to and in the orientation of microtubules toward
the bud cortex could be observed in cells lacking the
septin ring (Fig. 3B,C; see Fig. 6C,D below). Thus, the
nuclear-positioning defect observed in the septin mutant
was not caused by defects in actin function. Neither was
it owing to changes in the width of the bud neck, because
this parameter was not significantly affected by the
cdc12-1 mutation (Fig. 2B). Therefore, nuclear misposi-
tioning in cells lacking the septin ring was caused by
defects in the assembly of the cleavage apparatus, and
not by a lack of cell polarity.

Nuclear positioning is independent of the assembly
of the actomyosin ring

To determine whether any neck-specific actin structures
are required for nuclear migration, we disrupted MYO1
and BNR1 individually. Consistent with previous find-
ings (Epp and Chant 1997) indicating that the actomyo-
sin ring is not required for nuclear migration, we found
that nuclei localized normally in the myo1 mutant (Fig.
1B). Similarly, elimination of the Bni4 protein, which is
required for chitin synthesis, did not affect nuclear po-
sitioning (data not shown). Thus, neither the actomyosin
contractile ring nor the chitin ring at the bud neck is
involved in nuclear positioning.

Cells lacking the bud-neck-specific formin Bnr1
showed a mild defect in nuclear positioning (Fig. 1B).
Therefore, Bnr1 and actin structures dependent on Bnr1
may be involved in the septin-dependent positioning of

Figure 2. Nuclear-positioning defect in the absence of septin
function is not owing to actin or morphological defects. (A)
Actin polarity in wild-type and septin-defective cells. Cells
grown at the restrictive temperature for 2.5 h were fixed with
formaldehyde and stained with rhodamine-phalloidin. (B) Mea-
surement of the bud neck width in wild-type cells and the
cdc12-1 mutant grown at 33°C for 3 h (n = 78 for wild type and
89 for cdc12-1).
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the nucleus. However, because the nuclear-positioning
defect is small in the bnr1 strain, such actin structures
cannot alone account for the nuclear mispositioning ob-
served in septin-defective cells. Altogether our results
indicated that the maintenance of actin polarity, the as-
sembly of the contractile ring, and the role of septins
in nuclear migration are three distinct functions of the
septin ring.

Microtubules interact with the septin ring

The movements of the nucleus in the cell depend on the
interaction of microtubules with the cell cortex. There-
fore, we investigated whether disruption of the septin

ring affects the manner with which microtubules inter-
act with the cortex. A GFP–TUB1 reporter construct
(Straight et al. 1997) was used to visualize astral micro-
tubules in vivo. In addition, a KAR9–GFP reporter con-
struct was used to visualize contact points between mi-
crotubules and the cell cortex. Interestingly, in our ex-
periments Kar9 assembled into dots at the plus end of
microtubules (Fig. 3A). To avoid synthetic effects,
KAR9–GFP was expressed at endogenous levels for Kar9.
Nine z-section images through the cell were recorded,
and the resulting images were projected using a maxi-
mum projection algorithm. This procedure ensured that
all cytoplasmic microtubules of the cell could be ob-
served and taken into account.

Figure 3. Astral microtubules establish
septin-dependent interactions with the
bud neck. (A) Kar9 dots localize at the
plus-end of microtubules. Cells expressing
Tub1–GFP, Tub1–GFP Kar9–GFP, and
Tub1–CFP Kar9–YFP are shown. Both
tagged proteins were expressed at endog-
enous levels. No dot can be seen at the
plus-end of microtubules when Kar9 is not
tagged with GFP. Double staining shows
that these dots correspond to Kar9 dots.
Thus, staining of Tub1 and Kar9 both with
GFP permits us to visualize microtubule
interaction with the cortex. (B) Micro-
graphs of wild-type and mutant cells
(genotypes are indicated) expressing GFP–
Tub1 and Kar9–GFP at endogenous levels.
The spindle is prominent, and astral mi-
crotubules are fainter and emanate from
the spindle poles (see drawing in the case
of wild type). A Kar9 dot (marked with a
red arrow) can be seen at the tip of many
astral microtubules. Bar, 1 µm. (C) Quan-
tification of microtubule organization in
cells with a small spindle. The cells were
sorted within three categories (see draw-
ing): (1) no astral microtubule touching ei-
ther the bud neck or the bud cortex, (2)
cells with astral microtubules touching
the bud neck cortex, (3) cells with astral
microtubules touching the bud cortex.
Cells that have astral microtubules touch-
ing both the bud neck and the bud cortex
were rare (<3%) and are excluded from the
graph. Results of at least five independent
counts per strain, with at least 100 cells
per count. (D) Analysis of astral microtu-
bule organization (as in B) in wild-type and
cdc12-1 mutant cells that express only
GFP–Tub1. The cdc12-1 and wild-type
control cells were shifted to 33°C for 3 h.
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In wild-type cells with a short spindle, astral microtu-
bules interacted with the mother, bud neck, and bud cortex
(Adames and Cooper 2000; Segal et al. 2000; Vogel and
Snyder 2000; Yeh et al. 2000). In yeast, where only a few
cytoplasmic microtubules are present, the average distri-
bution of microtubules is highly informative about the sta-
bility of the interactions that they establish with the dif-
ferent parts of the cell cortex (see, e.g., Miller et al. 1998).
Thus we determined the percentage of cells with microtu-
bules contacting the mother cell, the bud neck, or the bud
cortex. This distribution was quite robust, as shown by the
low variation observed between independent counts. This
suggests that microtubule distribution is the result of
tightly regulated processes. Importantly, a substantial
number of microtubules (21% ± 1%, n > 500) interacted
with the bud neck with their plus end (Fig. 3A–C; other
authors reporting microtubule interaction with the bud
neck include Snyder et al. 1991; Segal et al. 2000; Vogel and
Snyder 2000; Yeh et al. 2000). This was a high frequency,
because the bud neck represents only a small fraction of
the overall cell surface. In most cases a Kar9 dot could be
unambiguously distinguished at the microtubule end,
showing that the microtubule indeed touched the cell cor-
tex at the bud neck. Microtubule interaction with the neck
was not caused by fusing GFP to Kar9, because contact was
also apparent in the TUB1–GFP KAR9 strain (Fig. 3D).
Moreover, replacing Kar9 by Kar9–GFP did not lead to any
detectable nuclear-positioning phenotype (data not
shown), indicating that Kar9–GFP was fully functional.

In cells lacking the septin ring, the only microtubules
that were less frequently observed than in wild type were
those contacting the bud neck. In cdc12-1 cells, this cat-
egory dropped from 20% ± 1% at the permissive tem-
perature (data not shown) to 9% ± 1%, n > 500 at 33°C,
the restrictive temperature. This drop was not owing to
difficulties in imaging GFP, because we did not observe
any signal loss upon shift to 33°C. Furthermore, wild-
type cells did not show substantial changes in microtu-
bule organization at this temperature (data not shown).
The effects observed appeared to be highly significant in
regard to the low level of variation observed between
experiments. The remaining microtubule–bud-neck in-
teractions observed in cdc12-1 cells most likely reflected
random events. This interpretation is supported by the
fact that microtubule interaction with the bud neck was
reduced to the same level in the kar9 mutant (Fig. 3C). In
this mutant, microtubule interaction with the cell cor-
tex prior to anaphase is thought to be random (Miller et
al. 1998, 1999). Thus, in wild type, microtubules inter-
acting with the bud neck were transiently captured and/
or stabilized. This led to a clear increase in the number of
microtubules interacting with the bud neck, compared
with random. The capture and/or stabilization of micro-
tubules at the bud neck required septin function.

Remarkably, septin defects had no negative impact on
the interaction of microtubules with other parts of the
cell cortex. Particularly, microtubule interaction with
the bud cortex was not defective. These results indicate
that septins affect microtubule interaction with the cell
cortex solely at the bud neck.

In the bnr1 strain, changes in microtubule organiza-
tion were not observed at the bud neck but at the bud
cortex. This suggested that the positioning defect ob-
served in this strain was possibly not caused by defects
in the interaction of microtubules with the bud neck.
Taken together, our results indicated that astral micro-
tubules established a functional interaction with the bud
neck. These interactions depended on septin function,
but not on the assembly of actin-related structures. At
this point, our data raised the possibility that septin-
dependent interaction of microtubules with the bud
neck cortex was required for proper positioning of the
nucleus.

Microtubule plus-end capture at the bud neck is
associated with the establishment of pulling forces
on the spindle

To investigate how microtubule interaction with the
bud neck could be involved in nuclear positioning, we
monitored spindle movement upon microtubule attach-
ment to the cortex of wild-type cells. The behavior of
microtubules in vivo was recorded by three-dimensional
(3D) time-lapse microscopy (Fig. 4A,B). This analysis was
carried out in cells expressing both Tub1–GFP and Kar9–
GFP. Tub1–GFP allowed visualization of microtubules,
whereas Kar9–GFP was used as a marker for microtu-
bule/cortex interactions. The tagging of both molecules
with the same chromophore allowed very rapid acquisi-
tion of image stacks through the cell, without filter
changes. With this setup we could monitor microtubule
behavior with a very high time resolution. As shown in
Figures 3A and 4A, this setup also allowed the clear dis-
tinction of Kar9 dots at the plus ends of microtubules.
An example of the movies obtained is shown in Figure
4A. In this movie an astral microtubule first grew toward
the neck. Upon neck contact, a clearly identifiable Kar9
dot, which may have been faintly present at the tip of the
microtubule in the previous frames, formed and gained
in intensity. At the same time, the microtubule stopped
growing. In the following three frames (8–10) the micro-
tubule shrank and the spindle was pulled for ∼0.6 µm
toward the neck. At frame 11, the spindle stopped mov-
ing. Simultaneously, the Kar9 dot faded away, suggesting
that the microtubule had detached from the cortex. The
duration of this event was 30 sec. Altogether, these mov-
ies indicated that microtubule capture and shrinkage at
the neck permit displacement of the spindle toward the
bud neck. Furthermore, these movies indicated that Kar9
was present at the attachment sites at the bud neck and
may be functionally involved in the capture process (see
below).

To confirm that our observations were not owing to
isolated cases, movies of 10 cells and of 15 min each
were analyzed in detail. Contacts between microtubules
and the cell cortex were considered established only
when a Kar9 dot appeared at the microtubule plus-end.
Also, only the cases where only one microtubule could
be found contacting the cell cortex at a time were con-
sidered. This ensured that the effects observed were not
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caused by the combination of several contact events. On
a total of 150 min of recording, 89 contacts with the bud
neck were observed, which had an average duration of
29.5 sec. For comparison, in the same cells 43 contacts to
the mother cell (average duration 44.5 sec) and 40 con-
tacts to the bud cortex (average duration 40.6 sec) were
observed. For all the contacts observed, the position of
the spindle at the end of the event was compared with its
position prior to the contact (Fig. 4C). Contacts with the
mother cell cortex led to a displacement of the spindle
toward the bud neck in only 26% of the cases. In con-
trast, contacts with the bud and bud neck cortex resulted
in a movement toward the neck in 48% and 65% of the
cases, respectively. In the absence of microtubule con-
tacts with the cortex, the spindle did not move. Thus,
microtubule interaction with the bud neck led in most
cases to nuclear movement toward the bud neck.

To gain more insight into the mechanism of the

nuclear movement during cortical contacts, we deter-
mined the effects of contacts on microtubule dynamics.
The relative duration of microtubule shrinkage and
growth was measured during these events (Fig. 4B). Over
26 min of neck contacts (a total of 43 capture events,
from 6 different cells), microtubules spent 19.6% of the
time shrinking and 5% of the time growing. The net
result of these contacts was microtubule shrinkage. For
comparison, microtubules contacting the mother cortex
(30 min total) spent 7.6% of the time shrinking and
16.7% of the time growing (Fig. 4B), and the net result of
these events was microtubule growth. Thus, microtu-
bule contacts with the bud neck were associated with
microtubule shrinkage, leading to a pulling action on the
spindle. In contrast, contacts with the mother cortex
were associated with microtubule growth, leading to a
pushing effect on the spindle. The observation of a pull-
ing action on the spindle upon microtubule interaction

Figure 4. Function of microtubule attachment to the bud neck in nuclear migration. (A) Microtubule capture at the bud neck is
associated with shrinkage of the microtubule and pulling of the spindle toward the bud neck. A wild-type cell expressing Kar9–GFP
and GFP–Tub1 at endogenous levels is shown. Each frame was generated by projecting images of six focal planes taken through the
cell. Frames are taken at 6-sec intervals. The line drawn through all frames marks the position of the spindle at the beginning of the
contact event. An astral microtubule grows toward the bud neck (frames 1–6) and remains attached there (defined by the presence of
a clear Kar9–GFP dot at the end of the microtubule) during 30 sec (until frame 10). At frames 10–11 it detaches and shrinks back to
the spindle pole (frame 11–12). During the second half of the attachment period (frames 6–10), the microtubule shrinks and pulls the
spindle toward the bud neck. Bar, 1 µm. (B) Dynamics of microtubules contacting either the mother or the bud cortex. The fraction
of time spent in either growth or shrinkage is shown depending on the cortical domain contacted (mother cell or bud neck). (C) Effect
of microtubule attachments on spindle movement, depending on the attachment site. The position of the spindle relative to the bud
neck was compared at the beginning and at the end of capture events (n = 89 at bud neck, 40 at bud cortex, 43 at mother cortex).
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with the bud neck is strong evidence for microtubule
attachment at this site. Thus, our results uncover a new
microtubule capture site, the bud neck, and indicate that
this capture site is involved in pulling the nucleus to-
ward the neck.

SDKs are required for the shortening of microtubules
interacting with the neck

Time-lapse analysis indicated that microtubules be-
haved differently, depending on whether they contacted
the mother or the bud neck cortex. This observation sug-
gested that promoters of microtubule shrinkage might
specifically localize to the bud neck. In many cases, mi-
crotubule dynamics is regulated through protein phos-
phorylation events. Moreover, the MARK kinases, to
which the septin-dependent kinases Hsl1 and Gin4 are
related (Barral et al. 1999), have been implicated in the
stimulation of microtubule shrinkage. Thus, we investi-
gated whether Hsl1 or Gin4 could be implicated in trig-
gering microtubule shrinkage at the bud neck.

First, we analyzed the effect of disrupting HSL1 and
GIN4 on microtubule organization. Cells expressing
Tub1–GFP and Kar9–GFP were analyzed as in Figure 3B.
Two striking phenomena were observed in these cells.
(1) The two single mutants hsl1 and gin4 showed an
enhanced interaction of microtubules with the bud neck
(Fig. 5A,B); 31% (± 3%, n > 500) of hsl1 cells and 35%
(± 1%, n > 500) of gin4 cells contained microtubules
touching the neck region. These effects were additive
because the double mutant had an enhanced phenotype
(43% ± 2%, n > 500 of the hsl1 gin4 cells showed micro-
tubules connected with the bud neck). (2) In all these
strains, the number of microtubules penetrating into the
bud decreased proportionally to the increase in microtu-
bules interacting with the bud neck. Two different in-
terpretations could account for these results. On the one
hand, it is possible that microtubules interacting with
the bud cortex are destabilized in SDK mutants. How-
ever, this hypothesis fails to explain why more microtu-
bules would specifically attach to the bud neck. On the
other hand, SDK mutations may lead to an excessive
stabilization of microtubules binding the bud neck. This
would increase the steady-state number of microtubules
attached to the bud neck, at the expense of the bud cor-
tex. This last explanation suggests that SDKs activate
microtubule dynamics at the bud neck. It has the advan-
tage of being consistent with the localization of Hsl1 and
Gin4.

To test whether increased interaction with the bud
neck was accounting for the microtubule organization
phenotype of the SDK mutants, we examined the effect
of disrupting the septin ring in these cells. Our rationale
was that, if SDK mutants led to a stabilization of micro-
tubule/neck interactions, disrupting the septin ring
should abolish these interactions. On the other hand, if
the SDKs are necessary for microtubule capture at the
bud cortex, disrupting the septin ring should have no
effect on microtubule interaction with the bud cortex.
Our results (Fig. 5B) show that the cdc12-1 hsl1 gin4

cells restored the wild-type level of microtubule interac-
tion with the bud. Consistent with the finding that func-
tional septins are required for microtubule interaction
with the bud neck, microtubule binding to the neck was
abolished. Thus, cells lacking SDKs develop stable inter-
actions between the microtubules and the bud neck.
This stabilization prevents the interaction of microtu-
bules with the bud cortex, indicating that the bud neck
and the bud cortex compete for microtubules. Our re-
sults therefore suggest that SDKs ensure that microtu-
bule interactions with the bud neck remain dynamic.

Stable microtubules are generally long, whereas dy-
namic microtubules are shorter. Therefore, to assess
whether microtubules interacting with the neck were

Figure 5. The kinases Hsl1 and Gin4 are important for proper
microtubule dynamics at the bud neck. (A,B) Analysis of mi-
crotubule organization in cells lacking Hsl1 and Gin4 as in Fig-
ure 3B and C. (C) Length distribution of microtubules attached
at the bud neck in wild-type and in hsl1 gin4 double-mutant
cells (n = 56 in wild type and 64 in the mutant).
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less dynamic in SDK mutants, we analyzed their length.
As shown in Figure 5C, microtubules contacting the
neck were reproducibly longer in SDK mutants than in
wild type (average length in wild type, 0.75 ± 0.22 µm; in
gin4, 1.14 ± 0.35 µm; in hsl1, 1.24 ± 0.35 µm; in hsl1
gin4, 1.25 ± 0.48 µm). Therefore, SDKs are required for
the proper regulation of microtubule dynamics at the
bud neck. Taken together, our data support the idea that
microtubules binding the cleavage apparatus are induced
to shrink through SDK-dependent phosphorylation
events.

Disruption of HSL1 and GIN4 lead to a G2 delay,
which is abolished by disruption of the SWE1 gene (Bar-
ral et al. 1999). The stabilization of microtubule/neck
interactions in SDK mutants may be owing to these cells
spending more time in G2. To test this possibility, we
analyzed microtubule organization in the hsl1 gin4 swe1
triple mutant. Disruption of SWE1 suppressed the cell
cycle progression defects observed in hsl1, gin4, and hsl1
gin4 mutants (see Materials and Methods; Barral et al.
1999). However, it did not suppress the enhanced micro-
tubule interaction phenotype (Fig. 5B). Thus, the role of
Hsl1 and Gin4 in the regulation of microtubule/neck
interaction was independent of their function in cell
cycle control and not mediated by Swe1. Therefore, the
effect of SDKs on microtubule dynamics at the bud neck
is most likely direct.

Septins act in the Kar9 pathway

Because Kar9 was found to be present at microtubule
attachment sites at the bud neck, we investigated the
functional relevance of this presence. In yeast, nuclear
positioning is ensured by two redundant pathways (Cot-
tingham and Hoyt 1997; DeZwaan et al. 1997; Miller and
Rose 1998; Miller et al. 1998; Adames and Cooper 2000;
Yeh et al. 2000). The Kar9 pathway acts early during bud
formation. It positions the spindle to the bud neck,
aligned along the mother–bud axis (Adames and Cooper
2000; Yeh et al. 2000). In cells lacking Kar9, spindle po-
sitioning is very inefficient (see Fig. 1) and depends on
the function of dynein (encoded by the DHC1 gene), a
microtubule-dependent motor (Muhua et al. 1994; Cot-
tingham and Hoyt 1997; Adames and Cooper 2000). Ac-
cordingly, dynein mutants also have a nuclear-position-
ing defect (Fig. 1B). Although mutants affecting either
the Kar9 or the dynein pathway are viable, inactivation
of both pathways is lethal (Cottingham and Hoyt 1997;
DeZwaan et al. 1997; Miller and Rose 1998). Nuclei di-
vide in the mother cell at mitosis and fail to become
segregated, leading to the formation of binucleate
mother cells and anucleate daughters.

We determined genetically if septins acted either in
the Kar9 or in the dynein pathway. At the semipermis-
sive temperature of 30°C, the cdc12-1 strain grew slowly
(Fig. 6A) and showed septin organization defects (data
not shown). At the same temperature cdc12-1 dhc1,
cdc12-1 num1, and cdc12-1 bik1 cells were unable to do
more than a few divisions (Fig. 6A, Num1 and Bik1 act in
the dynein pathway; Pellman et al. 1995; Farkasovsky

and Kuntzel 2001). Analysis of the cdc12-1 dhc1 cells
showed that the mother cells rapidly became multinu-
cleated (data not shown). Thus, these cells were strongly
defective for nuclear segregation. In contrast, the
cdc12-1 kar9 and cdc12-1 kip3 strains grew as well as the
cdc12-1 single mutant (Fig. 6A, Kip3 acts in the Kar9
pathway; Cottingham and Hoyt 1997; DeZwaan et al.
1997). At permissive temperature, all six strains grew at
rates very similar to wild type. Thus, in septin-defective
cells the Kar9 pathway is deficient and unable to com-
pensate for the loss of dynein. In contrast, in cdc12-1
kar9 and cdc12-1 kip3 cells, dynein can compensate for
the loss of the Kar9 pathway, indicating that the dynein
pathway does not require septins for function. Septins
therefore act in the Kar9 pathway but not in the dynein
pathway.

Kar9 links microtubules to the septin ring

The observation that septins act in the Kar9 pathway
suggested that microtubule capture at the bud neck may
depend on Kar9. We therefore reinvestigated the local-
ization of Kar9 using a Kar9–GFP fusion protein ex-
pressed from the endogenous KAR9 promoter (Fig. 6B).
To eliminate Kar9 dots at the spindle poles from our
counts, we quantified Kar9 localization in cells in which
both Tub1 and Kar9 were stained. Only Kar9 dots that
are at the plus-end of microtubules and Kar9 dots that
are not associated with microtubules (<0.5%) were
counted. This study indicated that Kar9 localized fre-
quently to the bud neck (similarly to Beach et al. 2000);
37% ± 1% (n = 140) of Kar9 dots localized to the bud
neck, 35% (± 1%, n = 140) to the bud cortex (Fig. 6C).
Consistent with the microtubule distribution results,
Kar9 localization to the bud neck in cdc12-1 cells was
reduced to 15% (± 0%, n = 268) at restrictive tempera-
ture (Fig. 6C). In this study, it was never possible to find
Kar9 dots at the bud neck independently of microtu-
bules. This result was consistent with time-lapse mi-
croscopy data showing that the Kar9 dot formed upon
microtubule attachment. Thus, both septins and micro-
tubules were necessary to recruit Kar9 at the bud neck.
This may be different from the situation reported for
microtubule capture at the bud tip, where Kar9 dots were
found independently of microtubule capture (Miller
and Rose 1998; Miller et al. 1998, 1999; Beach et al.
2000).

In any case, our results suggested that Kar9 might fa-
cilitate microtubule capture by the cleavage apparatus.
To test this possibility, we analyzed microtubule orga-
nization in cells lacking Kar9. Deletion of KAR9 strongly
reduced the frequency of microtubules interacting with
the bud neck in both wild type and the hsl1 gin4 double
mutants (Fig. 5B). In contrast, no reduction in microtu-
bule interaction with the bud neck was observed in the
dhc1 strain compared with wild type (data not shown).
Therefore, our genetic and microscopy data both indi-
cated that Kar9, and not dynein, mediated the capture of
astral microtubules by the cleavage apparatus.
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Septins are not involved in spindle alignment

Prior to mitosis, the spindle does not only need to be
positioned at the bud neck but also to be aligned along,
that is, parallel to, the mother bud axis. Kar9 has been
shown to act in both spindle positioning and spindle
alignment. Disruption of BNI1, which is required for
Kar9 localization to the bud cortex (Lee et al. 1999;
Miller et al. 1999), affects spindle alignment (Fig. 7A). In
contrast, we found that spindle alignment was not de-
fective in cells lacking the septin ring (Fig. 7A). Thus, the
septin ring is specifically involved in spindle positioning
to the bud neck and not in its alignment along the
mother/bud axis.

Discussion

In this study, we show the existence of a new microtu-
bule capture site at the yeast bud neck. Microtubule
shrinkage and a pulling action on the spindle toward the
bud neck followed microtubule capture at this site. This
capture site was no longer present in cells lacking the
septin ring, indicating that septins or other downstream
components of the cleavage apparatus were required for

microtubule capture. These capture events were func-
tionally important because septin mutants showed
nuclear-positioning and nuclear-segregation defects at
restrictive temperatures. These defects did not correlate
with actin defects, but only with a decrease of microtu-
bule interaction with the bud neck. Therefore, microtu-
bule capture at the bud neck was required for proper
positioning of the nucleus. We propose that microtubule
capture and shrinkage at the bud neck are required to
pull the nucleus toward the cleavage apparatus.

Disruption of the actomyosin ring and the formin Bnr1
did not lead to microtubule capture defects. Because
these mutations are thought to disrupt bud-neck-specific
actin structures, our results suggest that actin may not
be required for microtubule capture at the bud neck.
This is different from what has been reported for micro-
tubule capture at the bud tip. Disruption of other septin-
associated proteins such as Bni4, Hsl1, and Gin4 also did
not abolish microtubule interaction with the septin ring.
Therefore, the protein(s) mediating microtubule interac-
tion with the cleavage apparatus still remain to be iden-
tified. One attractive possibility is that such proteins are
the septins themselves. In support of this idea, Dro-
sophila septins Pnut, Sep1, and Sep2 have been reported

Figure 6. Role of septins in Kar9 function
and localization. (A) Genetic interactions be-
tween cdc12-1 and mutations in genes par-
ticipating in either the Dhc1 (dhc1, bik1,
num1) or the Kar9 pathways (kar9, kip3) for
nuclear migration. Strains of indicated geno-
types were streaked out on the same plates
and were incubated at either 24°C or 30°C for
3 d. See Materials and Methods for the con-
struction of the strains. (B) Micrographs of
wild-type cells expressing Kar9–GFP under
the endogenous promoter. The two upper
cells show Kar9 in the mother cell and at the
cortex of the bud. The two lower cells have
one dot each at the bud neck. Bar, 1 µm. (C)
Quantification of Kar9 distribution to the
mother cell, bud neck, and bud cortex in wild-
type cells, cdc12-1 mutants, and gin4 hsl1
double mutants. Quantification was made in
cells stained for both tubulin and Kar9. Only
the Kar9 dots associated with microtubule
distal tips and the cortex were counted
(n = 140 for WT, 268 for cdc12-1, 110 for hsl1
gin4; average of at least two independent
counts).
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to bind onto microtubule columns (Sisson et al. 2000).
Thus, it will be important to determine whether septins
can interact directly with Kar9 and/or microtubules.

Altogether, our results are consistent with the model
presented in Figure 7B. In yeast, spindle positioning de-
pends on two processes: the alignment of the spindle
along the mother–bud axis and the positioning of the
nucleus relative to the cleavage apparatus. The Kar9
pathway is involved in both processes. We suggest that it
fulfills these functions by interacting with two distinct
cortical structures, respectively, the bud cortex and the
cleavage apparatus at the bud neck. Our results also im-
plicate dynein in nuclear positioning independently of
its role in spindle alignment. If dynein were only acting
through its role in spindle alignment, it should not be
colethal with septin defects, because in these cells Kar9
is still able to orient the spindle properly. Dynein may
therefore have an additional role in nuclear positioning

independent of its role in spindle alignment. As pre-
sented in Figure 7C, we propose that septin plays a piv-
otal role in cell division: it serves as a linker to organize
and position actin- and microtubule-related structures
relative to each other.

Microtubule capture at the bud neck was associated
with microtubule shrinkage. In cells lacking SDKs, mi-
crotubules remained attached to the bud neck for longer
periods of time and were increased in length. From these
experiments, we propose that the regulation of microtu-
bule dynamics upon capture at the bud neck is ensured
by MARK-related septin-dependent kinases.

The involvement of SDKs in nuclear positioning is a
remarkable result, because it indicates that, at least in
yeast, the same kinases coordinate nuclear and cortical
events of mitosis at both the temporal level, through
regulation of Swe1 (Barral et al. 1999), and at the spatial
levels, through regulation of microtubule function (Fig.

Figure 7. Role of the septins in coordination of cytoplasmic and nuclear events in cell division. (A) Role of the septins in spindle
alignment. Unlike kar9 and bni1 mutants, cells lacking the septin ring are fully competent for spindle alignment. Deletion of the
formin BNR1 has no effect. Results of at least two counts with a minimum of 80 cells per count. (B) Model: Astral microtubule
interaction with the septin-dependent cytoskeleton participates in bringing the nucleus to the bud neck. The dynamics of microtu-
bules at the bud neck is regulated by SDK Hsl1 and Gin4. Spindle alignment occurs through microtubule interaction with the bud
cortex. Both processes are Kar9-dependent. (C) Model: The septins are involved in at least three independent processes: the recruitment
of Bnr1 and Myo1, which are required for cytokinesis; the recruitment and activation of Hsl1 and Gin4; and the Kar9-dependent
capture of microtubules. In turn, Hsl1 and Gin4 regulate both entry into mitosis (via repression of Swe1) and microtubule dynamics
at the bud neck. Microtubule capture and shrinkage are required to position the spindle relative to the cleavage apparatus. After proper
anaphase (chromosome segregation), the mitotic exit network (MEN) induces cytokinesis.
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7C). This coregulation of entry into mitosis and spatial
coordination of spindle and cleavage apparatus may be
conserved, at least in S. pombe. Indeed, in this organism,
the kinase Cdr2, the homolog of S. cerevisiae Gin4, in-
fluences both the timing of mitosis (Breeding et al. 1998;
Kanoh and Russell 1998) and the positioning of the
cleavage apparatus (Breeding et al. 1998). Thus, Cdr2
may regulate a microtubule-dependent event involved in
the positioning of the cleavage apparatus in fission yeast.
In summary, our results provide the first evidence that
Par-1-like molecules control microtubule function also
in yeast. This finding will open new possibilities to de-
termine how this class of kinases controls microtubule
function.

Septins and septin-dependent kinases are highly con-
served in animal cells. Therefore, it is tempting to specu-
late that interactions between astral microtubules and
the septin cytoskeleton may be conserved and spatially
coordinate the spindle and the cleavage machinery in
higher eukaryotes. Astral microtubules and microtu-
bules from the central spindle may bind to septin-depen-
dent structures of animal cells. Such microtubules may
thereby recruit septins to the equator of the cell to po-
sition the cleavage apparatus properly relative to the
spindle.

Materials and methods

Quantification of nuclear migration

Nuclear migration was assayed as described (Yeh et al. 1995).
Briefly, log phase cultures of the indicated strains were diluted
in fresh complete medium in the presence of 100 mM hydroxy-
urea. After 2.5 h at room temperature (22–24°C), >85% of the
cells were arrested with a large bud and a single nucleus. The
cells were fixed with 70% ethanol for at least 0.5 h. After wash-
ing the cells in PBS, nuclei were stained with DAPI and viewed
using an Olympus fluorescence microscope. Nuclei that were
>1 µm away from the bud neck were considered as mislocalized.
In the case of septin mutants, the cells were shifted to the mini-
mal restrictive temperature (30°C for cdc12-6 and 33°C for
cdc12-1) directly after being put in the presence of hydroxyurea.
In the ideal case the experiment should be done by shifting the
cells back to the permissive conditions to determine whether
nuclear positioning was restored. However, the septin defect
was not reversible, preventing this approach. Shifting the non-
temperature-sensitive strains (such as the wild type and the hsl1
and gin4 mutants) to these temperatures did not significantly
affect nuclear localization compared with room temperature
(data not shown). For nuclear migration analysis in unsynchro-
nized populations, cells were grown in YPD at room tempera-
ture until early log phase and subsequently shifted to 33°C for 3
h before fixation. (At this time all cells had failed to assemble a
septin ring, as indicated by apically growing buds and cytoki-
netic defects.) The fraction of cells with the nucleus within 1
µm from the bud neck was counted in cells with small, me-
dium, or large buds.

To determine whether septin-defective cells showed defects
in nuclear segregation, we grew cdc12-1 cells at restrictive tem-
peratures for 3 h, fixed the cells, and stained with DAPI to
visualize nuclei. During this period, the cells did not progress
through more than one cycle. Therefore, a change in the fre-

quency of binucleated mother cells following the shift to re-
strictive temperature reflects the frequency of nuclear misseg-
regation per cell cycle.

Strains and growth conditions

All strains were grown in rich medium (YPD) at room tempera-
ture, unless indicated otherwise. Gene disruption and GFP tag-
ging was achieved using a PCR-derived approach as described
(Longtine et al. 1998b). The transformants were subsequently
screened by PCR, microscopy, and phenotypic analysis. Dele-
tion of SWE1 in hsl1, gin4, and hsl1 gin4 mutants suppressed
the accumulation of premitotic cells as quantified by the fre-
quency of cells with short spindles and large budded cells with
a single nucleus. It also suppressed the formation of elongated
cells characteristic of these strains owing to prolonged apical
bud growth (Barral et al. 1999). Production of the multiple mu-
tant strain was systematically achieved through crossings. In
the case of the cdc12-1 kip3 strain, 25 full tetrads were obtained,
producing 26 cdc12-1 KIP3 spores and 24 cdc12-1 kip3 spores.
All spores were tested for growth at 30°C, and no growth dif-
ference was observed between cdc12-1 and cdc12-1 kip3 strains.
Twenty cdc12-1 and 18 cdc12-1 bik1 strains were obtained out
of 19 full tetrads. At 30°C, none of the cdc12-1 bik1 spores grew.
Sixteen cdc12-1 and 12 cdc12-1 num1 spores were obtained out
of 14 full tetrads; all double mutants died at 30°C. Finally, 26
cdc12-1 dhc1 and a similar number of independent cdc12-1 kar9
spores were obtained. In 100% of the cases, the cdc12-1 dhc1
spores died at 30°C, but the cdc12-1 kar9 strains grew. In all
these experiments, cdc12-1 spores also grew at 30°C.

Fluorescence and time-lapse microscopy

Cells were mounted in low autofluorescence selective drop-in
medium shortly before viewing. Objects were subjected to time-
lapse microscopy for a maximum of 15 min.

To visualize GFP-labeled microtubules and quantify their or-
ganization in vivo, full-frame pictures of fields of cells were
taken at 9 focal planes (0.2 µm step size) using an Olympus
BX50 fluorescence microscope, a piezo motor, and the TILLVi-
sion software (TILLphotonics, Martinsried, Germany). The pic-
tures were projected on one single plane using the maximum
method. When Kar9–GFP was overexpressed from the GAL pro-
moter, Kar9 dots were more frequently observed at the bud tip,
indicating that Kar9 overexpression may affect its localization.
For analysis of Kar9 distribution and microtubule organization
in cdc12-1 ts-mutants, the cells were shifted to restrictive tem-
perature (33°C) for 3 h before microscopy.

To investigate microtubule attachments, growth/shrinkage,
and spindle movements, Z-stacks of 6 focal planes (0.3 µm step
size) were taken at intervals of 6 sec for a total time of 15 min.
Z-stacks were projected by the maximum method. Before each
movie a single transmission image was taken at the middle
focal plane.

For analysis of microtubule length and dynamics, spindle pole
body movement respective to the neck, and timing of microtu-
bule attachments, we used NIH Image 1.62b7 (Wayne Rasband,
NIH). Microtubules were regarded as attached when Kar9–GFP
dots were visible at the microtubule tips. Transmission images
served to confirm microtubule attachments at bud neck,
mother cortex, or bud cortex. Coordinate values of the proximal
spindle pole body at the beginning and at the end of the attach-
ments were recorded to determine whether the spindle moved
toward or away from the bud neck. Attachments could last from
6 sec to 3.5 min and could consist of different types of micro-
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tubule end behavior including slight movements like gliding or
sweeping and still capture at a single site.
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